Abstract. This study examined the effect of an aqueous extract of Pulicaria undulata on the 1,4-dithiothreitol (DTT)-induced aggregation of proteins. The effects of the chaperone properties of P. undulata extract on protein aggregation were determined by measuring light scattering absorption, fluorescence, and circular dichroism (CD) spectroscopy. The aqueous extract of P. undulata possesses good chaperone properties but the protection effect was varied in different protein. The extract showed a higher level of protection in high molecular weight proteins than in those of low molecular weight. Using a fluorescence study, the present study provides information on the hydrophobic area of proteins interacting with the P. undulata extract. In fact, by increasing the concentration of the P. undulata extract, the hydrophic area of the protein decreased. CD spectroscopy also revealed that DTT caused changes in both the tertiary and the secondary structure of the proteins, while in the presence of P. undulata extract, there was little change. Our finding suggests the possibility of using P. undulata extract for the inhibition of aggregation and the deposition of protein in disease.
INTRODUCTION
Protein aggregation is a biological phenomenon in which protein is misfolded and aggregates either intra-or extracellularly. These protein aggregates are often toxic and have been implicated in a wide variety of diseases known as amyloidoses, including Alzheimer's, Parkinson's, and prion disease (1) .
After synthesis, proteins typically fold into a particular three-dimensional conformation. This is their native state and it is the only one in which they are functional. Newly synthesized proteins, however, may not fold correctly, or properly folded proteins can spontaneously misfold and aggregate (2) . Protein aggregation can result from various kinds of stress, such as agitation and exposure to extremes of pH, temperature, ionic strength, or various interfaces (e.g., air-liquid interface). High protein concentrations can also increase aggregation (3) .
Pulicaria undulata (L.) C.A.Mey. [syn. Pulicaria crispa (forssk.) Olive. Francoeuria crispa (forssk.) Cass] is an annual herb, sometimes categorized as a perennial sub-shrub belonging to the Asteraceae family, and it produces small bright yellow flowers. This species can be found in Iran, Saudi Arabia, Kuwait, Iraq, Egypt, Afghanistan, Pakistan, India, and parts of North and West tropical Africa (4, 5) . Among the flora of Iran, five species of the genus Pulicaria (family Compositae, tribe Inulea) are reported (6) . P. undulata has been used by the people of southern Egypt and Saudi Arabia as a medicinal plant to treat inflammation. It can also be used as an insect repellent and a herbal tea (7, 8) . Chemical study of different types of Pulicaria demonstrated that it contains several sesquiterpenoids, diterpenoids, and flavonoids (9) (10) (11) (12) . The analyses of the oil component of P. undulata showed that the oil is rich in phenolic compounds and monoterpene hydrocarbons, and comparatively low in sesquiterpene hydrocarbons (13) . It showed a high content of the oxygenated monoterpenes carvotanacetone (91.4%) and 2,5-dimethoxy-p-cymene (2.6%) (14, 15) . In addition according to previous phytochemical studies, this herb is a considerable source of eudesmanolide, sesquiterpene lactones of the guaianolide and xanthanolides family (16) (17) (18) . The antioxidant activity of the extract of this plant has been reported using DPPH (19) . Antioxidants have been shown to have the ability to prevent the damage caused by oxidative stress (20) (21) (22) . Considering antioxidant activity assays, we were interested in examining the possible effect of P. undulata extracts on the aggregation and deposition of protein. In this study, we have explored the potential for P. undulata extracts against the aggregation of proteins. We also used different proteins with different molecular weights to investigate and compare the effects of P. undulata extract on different size proteins. Of particular note, the result of this study shows that in all target proteins, P. undulata extracts inhibited the aggregation.
The present results indicate that P. undulata extract has the potential of being a useful lead component for the design of molecule inhibitors of protein aggregation.
MATERIAL AND METHODS
Bovine insulin (5.7 kDa), α-lactalbumin (14 kDa), ovotransferrin (87 kDa), 1,4-dithiothreitol (DTT), NaN 3 , and 1-anilino-8-naphthalene sulfonic acid (ANS) were obtained from Sigma-Aldrich (St. Louis, USA).
Botanical Material
P. undulata was collected in November 2011 from the Saravan area located in the Sistan and Baluchestan province of Iran. The taxonomic identification of plant materials was confirmed by Dr. Valizadeh in the Department of Biology at the University of Sistan and Baluchestan. The collected plants were dried in the shade and aerial parts were separated from the root. The voucher specimen has been deposited at the herbarium.
Preparation of the Aqueous Extract
Ten grams of the herb was ground into powder and extracted with distilled water (150 mL) by magnetic stirring (4,000 rpm) for 24 h at room temperature. The extracts were filtered through filter paper (Whatman no. 42). After filtration, the mixture was centrifuged at 10,000×g for 20 min to remove the debris. The solvent evaporated under reduced pressure and the residues were freeze-dried. The extracts were sealed in glass bottles and stored at +4°C until use. Extraction was done once and a single batch of aqueous extract was used for all experiments in this study.
Visible Absorption Spectroscopy (Light Scattering)
The ability of P. undulata extract to prevent the aggregation of different proteins was measured via visible light absorption spectroscopy, as described previously (23, 24) . Insulin, α-lactalbumin, and ovotransferrin at 0.42, 2, and 1.4 mg/mL, respectively (in a 50 mM sodium phosphate buffer, pH 7.4 , 0.05% NaN 3 , in the presence or absence of (1:1 w/w) ratio of P. undulata extract, with the addition of 100 mM NaCl and 1 mM EDTA for α-lactalbumin), were incubated at 37°C. The unfolding and aggregation of proteins was initiated by adding DTT to a final concentration of 20 mM. Light scattering was then observed at 340 nm at 37°C using an Elisa plate reader (Biotek E808, USA).
The relative protection activity of P. undulata extract was calculated as a percentage of protection against aggregation at the end of each assay, using the formula: % protection=((A 0 − A)/A 0 )×100, where A 0 and A represent the apparent saturation absorption (at 340 nm) in the absence and presence of P. undulata extract, respectively. All experiments were done at least three times and the results are shown as means±SEM.
Fluorescence Spectroscopy
The intrinsic fluorescence intensity of insulin, α-lactalbumin, and ovotransferrin was monitored in the presence or absence of P. undulata extract to investigate the effect of P. undulata extract on the environment of the tryptophan (Trp) residues on the target proteins. Samples containing α-lactalbumin (10 μM), ovotransferrin (10 μM), and P. undulata extract, separately or in the presence of each other, with 20 mM DTT were incubated in a 50 mM sodium phosphate buffer, 0.05% (w/v) NaN 3 and pH 7.4 for 3 h. Insulin (10 μM) and P. undulata extract (1:1 w/w), separately or in the presence of each other, were incubated in a 50 mM sodium phosphate buffer, 0.05% (w/v) NaN 3 and pH 8.5 for 1 h after the addition of DTT. Fluorescence intensity was measured on a Varian fluorescence spectrofluorimeter. Tryptophan residues were excited at 295 nm using a 2.5-nm slit width, and emission spectra were recorded from 300 to 400 nm with a 5-nm slit width. Samples were placed in a 10-mm path length quartz cuvette. The spectrofluorimeter was set to 700 V with a scan speed of 240 nm/min.
The ANS binding assay was used to assess changes in the clustered exposed hydrophobicity upon interaction of the target proteins with the P. undulata extract. Samples containing insulin (10 μM), α-lactalbumin (10 μM), ovotransferrin (10 μM), and P. undulata extract (in a 1:1 weight ratio) separately or in the presence of each other, with 20 mM DTT, were incubated in a 50 mM sodium phosphate buffer, 0.05% (w/v) NaN 3 and pH 7.4 for α-lactalbumin and ovotransferrin, and pH 8 for insulin. The ANS fluorescence was monitored on a Varian spectrofluorimeter. The excitation and emission wavelengths were set to 400-600 nm, with 2.5 and 5 nm slit widths. The fluorescence emission intensity was read in a 10-mm path length quartz cuvette with a volume of 350 μL titrated with Fig. 1 . Visible absorption profiles at 340 nm of target protein aggregation in the presence or absence of different concentration of P. undulata extract for a insulin; b α-lactalbumin; and c ovotransferrin. All experiments were conducted in a 50 mM sodium phosphate buffer, 0.05% NaN 3 , pH 7.4 With the addition of 100 mM NaCl and 1 Mm EDTA for α-lactalbumin at 37°C. The w/w ratio of protein/P. undulata extract is indicated. Note that all the experiments were done in three times. The error bars were very low and not plotted in the graph 1 μL of a 10 mM ANS solution in a 50 mM sodium phosphate buffer, 0.05% (w/v) NaN 3 , pH 7.4, with 1 min of stirring after each addition. Titration was continued until the fluorescence intensity reached a plateau.
Circular dichroism spectroscopy
The overall secondary and tertiary structures of proteins in the presence and absence of P. undulata extract was examined using far-(190-250) and near-UV circular dichroism (CD) spectroscopy (250-350 nm) with 0.2 and 0.4 mg/mL protein. The measurements were taken in a 1-cm path length cuvette using a JASCO J-810 spectropolarimeter (JASCO, Victoria, Canada). The spectra were recorded using a resolution of 1 nm and a scanning speed of 100 nm/min, with a response time of 4 s and a bandwidth of 1.5 nm. The spectra presented were an average of four consecutive measurements with a baseline scan subtracted.
RESULTS

Effect of P. undulata on the Aggregation of Insulin, α-Lactalbumin, and Ovotransferrin
The aggregation of proteins and the possible effect of P. undulata extract on protein aggregation were examined by light scattering absorption. The increase in absorbance at 340 nm over time reflects the aggregation of a stressed target protein.
An increase in the light scattering of reduced insulin over time was observed (Fig. 1a) and this indicates the aggregation and precipitation of reduced insulin. P. undulata extract had a protective effect, however, on the aggregation of insulin and this was observed by a reduction in light scattering (Fig. 1a , Table I ). The addition of P. undulata extract to insulin at a 1:0.25 w/w ratio of insulin/P. undulata extract decreased the aggregation and precipitation of insulin about 20%. The ability of P. undulata extract to protect against this aggregation was increased by increasing the concentration of the P. undulata extract, such that at 1:2 w/w ratio of insulin/ P. undulata extract, the aggregation decreased by 58% (Fig. 1a , Table I ).
Similar results were observed for reduced α-lactalbumin. α-Lactalbumin aggregates (Fig. 1a) after the addition of DTT to reduce its four disulfide bonds. P. undulata extract at 1:0.25 w/w of α-lactalbumin/P. undulata extract decreased the aggregation by 7% (Fig. 1b) . As shown in Fig. 1 , the protective ability of P. undulata extract against this aggregation was increased by increasing the concentration of P. undulata extract so that in the 1:2 weight ratio of α-lactalbumin/P. undulata extract, the aggregation decreased by 60% (Table I) .
Ovotransferrin aggregates 27 min after the addition of DTT (Fig. 1c) . P. undulata extract showed very good protection in preventing the aggregation of ovotransferrin, so that at 1:0.25 w/w ratio of ovotransferrin/P. undulata extract, the aggregation of the protein decreased by 90% (Fig. 1c, Table I ).
Intrinsic Fluorescence Spectroscopy of Target Proteins in the Presence or Absence of P. undulata
In order to investigate the effect of P. undulata extract on the environment of the Trp residue of proteins, the intrinsic fluorescence of target proteins in the presence and absence of P. undulata extract was measured. The intrinsic fluorescence of insulin could not be measured due to the lack of Trp in its structure.
The intrinsic fluorescence of α-lactalbumin was compared in the absence and presence of different concentrations of P. undulata extract in order to investigate the effect of P. undulata extract on reduced α-lactalbumin. Since P. undulata extract alone showed very little fluorescence intensity (not shown) and the contribution of P. undulata extract to the fluorescence intensity is negligible relative to the proteins, changes in the fluorescence intensity must be due to the conformational changes in the target proteins. Figure 2a shows the fluorescence intensity of reduced α-lactalbumin. Adding P. undulata extract, at a concentration of 1:0.25 of α-lactalbumin/P. undulata extract, showed a decrease in the fluorescence intensity of α-lactalbumin of about 11%. As can be seen in Fig. 2a , the fluorescence intensity of α-lactalbumin decreased as the concentration of P. undulata extract increased (Table II) . The relative fluorescence intensities of the ovotransferrin with different concentrations of P. undulata exhibited the same trends (Fig. 2b) . As the concentration of P. undulata extract increased, the maximum of the fluorescence intensity decreased (Table II) .
ANS Binding of Target Proteins in the Presence or Absence of P. undulata Extract
ANS have proven to be sensitive probes for partially folded intermediates in protein-folding pathways (25) . In the present study, ANS binding assays have been used to investigate the characteristics of folding and unfolding pathways of proteins through the changes in surface hydrophobicity of the proteins interacting with P. undulata extract (Fig. 3) . All reduced target proteins on their own showed ANS binding, which is indicative of the exposure of hydrophobic regions to the solution. Adding P. undulata extract to the reduced proteins decreased the fluorescence intensity but the effect varied. This implies the formation of a complex between the proteins and P. undulata extract that indicates that the exposed hydrophobicity of the protein interacted with the P. undulata extract, leading to the formation of a complex.
Circular Dichroism Spectroscopy of Proteins in the Presence and Absence of P. undulata
CD spectroscopy in near-UV of the native and reduced target protein in the presence and absence of P. undulata extract was performed to get more information on the tertiary structure of the protein, especially in the environment of aromatic (e.g., tryptophan) residues. Far-UV spectroscopy was also used to probe the effect of P. undulata extract on the secondary structure of the stressed protein.
A CD spectrum of bovine insulin showed negative ellipticity around 275 nm due to four tyrosine residues (Fig. 4a) . A spectrum recorded after the reduction of the insulin showed an increase in the Tyr signal at around 275 nm, indicating some change in the environment of the tyrosine residue. CD spectra of reduced insulin in the presence of P. undulata extract revealed that this effect decreased so that negative ellipticity around 275 nm changes was observed indicating a small conformational transition.
The far-UV spectrum of insulin is shown in Fig. 4b . It contains two negative ellipticities at 208 and 222 nm and one positive ellipticity at 192 nm, characteristic of an α-helical secondary structure, similar to the result observed previously (26, 27) . Incubation of insulin in the presence of DTT caused the α-helical content of the insulin to decrease, as indicated by the lack of the minima in the CD spectra. It also shows a negative ellipticity at 218 nm, which is characteristic of the β-sheet secondary structure. The CD signals show that insulin exhibited a transformation from an α-helix to a β-sheet structure by reduction. In the presence of P. undulata extract, however, no significant changes were observed by far-UV CD (Fig. 4b) . The content of the secondary structure of insulin in the presence and absence of P. undulata extract is shown in Table II. CD spectra of native α-lactalbumin (Fig. 5a) showed the characteristic 275 nm tryptophan maximum and the 292 nm tyrosine minimum (28) . The reduced α-lactalbumin after 3-h incubation showed the characteristic loss of signal in the tyrosine and tryptophan region consistent with the protein becoming partially unfolded. Fig. 3 . Average maximum ANS fluorescence bound of target protein (1 mg/mL) and P. undulata extract at different concentration. All experiments were conducted in a 50 mM sodium phosphate buffer, 0.05% NaN3 and pH 7.4 at 37°C for insulin (a), for α-lactalbumin (b), and ovotransferrin in (c) By adding P. undulata extract to the reduced α-lactalbumin, however, the change in ellipticity at 275 and 292 nm was not significant (Fig. 4b) , implying little alteration in the tertiary structure.
The far-UV spectrum of α-lactalbumin (Fig. 5b) shows strong negative ellipticity around 222 nm, characteristic of an α-helix structure with general features similar to those already observed in our previous study (29) . Table II shows the content of the secondary structure of the reduced α-lactalbumin in the presence and absence of the P. undulata extract. Figure 5b and Table II show that in the presence of DTT, a decrease in the α-helix content of α-lactalbumin with an increase in the content of β-sheet occurred. Then, a transition from an α-helix to a β-structure in the α-lactalbumin was seen in the reduced form of the protein. Adding P. undulata extract to the protein, however, led to an increase in the size of the negative CD signal over the range of 220-230 nm, reflecting the increased stability of the helical regions of the protein.
The near-UV CD spectrum of the native state of the ovotransferrin (Fig. 6a ) reveals two negative ellipticity peaks at 275 and 290 nm due to tyrosin and tryptophan residues, respectively (30) . In the presence of DTT, the intensity of the peak at these wavelengths responds quite differently to change in DTT. The shift of peak maxima and the reduction of band intensity illustrate the loss of native structure that indicates the formation of a molten globule state. In the presence of the P. undulata extract, however, the peak is similar to that observed in native protein with a decrease in overall intensity.
The far-CD spectrum of native ovotransferrin exhibited a minimum around 210 nm, a characteristic typical of an α-helical structure (Fig. 6b) (31) . By adding DTT, there occurred crucial alternations in the CD signals, as can be observed from actual changes in the content value of the secondary structure (Table II) . In the presence of the P. undulata extract, however, this deviated pattern is still similar to that obtained for native protein.
DISCUSSION
In the present paper, we report on potential pharmacological properties of P. undulata extract against DTT-induced aggregation of different proteins (insulin, α-lactalbumin, and ovotransferrin). Recently, considerable attention has been focused on herbal medicine as a protective agent, mostly because of fewer side effects (32, 33) . To our knowledge, this study is the first to be published on the effect of P. undulata extract as an inhibitor for protein aggregation. The present results show that P. undulata aqueous extract inhibits aggregation and causes disaggregation of previously aggregated proteins. These effects are accompanied by marked protection against protein aggregation in light scattering results. Visible absorption spectroscopy revealed an increase in light scattering over time of the stressed ovotransferrin, insulin, and α-lactalbumin, due to their aggregation and precipitation. Light scattering results also indicated that P. undulata extract effectively prevented the aggregation of all target proteins in a concentration-dependent manner (Fig. 1, Table I ).
It has been suggested that the anti-aggregation property of P. undulata extract may be due to its interaction with the hydrophobic surface of proteins, which are considered crucial to protein aggregation (34, 35) . Thus, based on the light scattering results described above, our investigation focused on the effect of P. undulata extract on the hydrophobic surface of the proteins. It was assumed that the compound should be sufficiently hydrophobic to interfere with key hydrophobic interaction in protein aggregation. Following this hypothesis, the intrinsic fluorescence of α-lactalbumin showed a high fluorescence intensity which indicates that a large structural change occurred within α-lactalbumin in the presence of DTT. Adding P. undulata extract to reduced α-lactalbumin, however, decreased the fluorescence intensity in a concentrationdependent manner. The same result was obtained for ovotransferrin. This means increasing interaction between denatured proteins and P. undulata extract.
Following the intrinsic fluorescence result, an ANS binding assay also showed that the presence of P. undulata extract decreased the exposure of the hydrophobic regions in all the target proteins. Thus, it can be concluded that P. undulata extract decreased the destabilization of the target proteins. This most likely arises from the reaction of P. undulata extract with the reduced target proteins due to its two phenolic compounds (terpenoids and flavonoids) (36, 37) . It is speculated that these two components interact with the aggregationprone hydrophobic area and prevent hydrophobic interaction of nearby molecules that causes self-association and aggregation formation. This is probably due to interaction between the phenol groups of P. undulata extract with the hydrophobic residue, possibly by binding to and shielding the hydrophobic region from solvent and thus blocking associations with each other. The proposed mechanisms of interaction of P. undulata extract with reduced protein are shown in Scheme 1.
This scheme shows reduction modification of protein caused by DTT. Protein under stress adopts a partially folded state which exposes the hydrophobic area to the solution. This exposed area has the propensity to aggregate. In this proposed mechanism, P. undulata extract interacts with the partially folded protein and refolds it to its native state.
Also, consistent with the intrinsic and extrinsic fluorescence data, near and far-UV CD spectroscopy of the proteins in the presence and absence of P. undulata extract showed little or no perturbation of the protein structure when the P. undulata extract was present. In contrast, significant loss of protein structure was observed in the stressed formulation.
Near-UV CD spectra of α-lactalbumin showed, for example, differences in tryptophan emission intensity bands in the Fig. 6 . Near-UV CD spectra (a) and far-UV CD spectra (b) of ovotransferrin: unstressed (solid line), stressed (dashed line), stressed in the presence of P. undulata extract (dotted line) Scheme 1. Proposed mechanism of chaperone action of P. undulata extract in preventing protein aggregation presence and absence of DTT. In this study, however, when adding P. undulata extract to the reduced α-lactalbumin there was little change in the ellipticity of the Trp residue in the near-UV region of the CD spectrum. Similar changes were observed in the tertiary structure of the insulin and the ovotransferrin.
Similar to the change in the tertiary structure seen by the near-UV CD spectra, the far-UV CD spectra revealed that the helical secondary structure of all target proteins was greatly decreased and the β-sheet increased in the presence of DTT. In the presence of P. undulata extract, however, only a slight distortion in the secondary structure was observed. This is could be because the polar group of P. undulata extracts acts to prevent structural change from helical to a β-sheet.
In conclusion, this study provides preliminary evidence of a therapeutic effect of P. undulata extract on protein aggregation. Our results show that P. undulata extract has anti-aggregation properties. Although in vivo the effectiveness of P. undulata extract remains to be investigated, it should be considered as a possible drug candidate or lead component of drugs to prevent or delay protein aggregation and amyloid disease.
